Abstract-The manuscript describes a method to embed into a battery energy storage system (BESS) control strategy the performance degradation associated with the battery operation. In particular, the proposed method aims at minimizing the degradation of the BESS electrochemical cells. A load leveling strategy is described as a case study and the ageing effects associated with the battery current extraction are embedded as constraints into the optimization problem. The main contributions of the work, compared to the existing literature are: i) the degradation process is formulated as a weighted energy throughput, thus taking into account the C-rate effect on the degradation phenomena; ii) the performance of the proposed control strategy has been applied to a large scale lithium-titanate BESS of 280 kWh interfaced to a 20 kV active distribution network.
I. INTRODUCTION
In the last decades renewable energy resources (RERs) have gained more and more importance in power systems and this trend is expected to continue in the upcoming years. While being beneficial from an environmental point of view, the increased penetration of RERs in power systems has brought several challenges related to the volatility of these sources. One of the technologies capable of addressing these issues is BESSs. Therefore, in the near future, BESSs are expected to have a diffusion similar to the one of RERs [1] [2] . They are currently used for applications such as peak-shaving [3] , ancillary services [4] , operation of isolated microgrids [5] or dispatch of portions of the grid [6] .
One of the main challenges for a massive and faster penetration of BESSs in power grids is their relatively high cost, when referring to the lifetime of these devices. Graphite based lithium ion batteries, can generally perform up to 3000-4000 cycles [7] and have a calendar life of about 10-15 years. Battery life management is thus important to make BESS a viable technology for power systems. This issue is being addressed from a chemical perspective, by looking for more life-robust technologies (e.g. lithium-titanate batteries [8] ) but need to be tackled as well from a system and control perspective in order to maximize the battery lifetime and optimize BESS usage so that they can deliver relevant services while enduring a minimal degradation. In order to achieve the above goals it is necessary to assess the degradation trends of batteries during their operation and to integrate ageing limitations in the BESS control algorithms [9] [10].
The present work proposes an original way to integrate ageing effetc in the control strategy.
It is well known that the main ageing factors in lithium ion electrochemical cells are: i) the rate at which the cells are charged and discharged (the higher the rate the faster the degradation); ii) the state of charge at which they are kept; iii) the temperature (temperatures considerably higher or lower than the nominal one usually increase ageing) [11] . The current work focuses on the first two ageing stress factors. The effect of the temperature is here ignored as, in most stationary applications, as well as in the current case study, temperature is regulated by an air conditioning systems and kept within suitable bounds around the rated temperature of the cells.
The proposed method take into account the current rate effect through a weighted energy throughput. This method is an extension of the weighted charge throughput proposed in [12] . The paper is structured as follows: section II introduces the proposed ageing assessment method; section III present the experimental setup on which the method has been used, the main results of the assessment of degradation during BESS operation and the implementation of an ageing aware strategy; finally section IV summarizes the main results and the main contribution of this manuscript.
II. METHODOLOGY
In this section the procedure for the ageing assessment during BESS operation is described and a method to integrate the results of this procedure in the battery control is described.
A. Weighted Energy Throughput
The method here described relies on the principle that an eletrochemical cell can exchange a finite amount of charge during its lifespan, as described in [12] . This value can be assessed through cycling tests and calculated as the charge that pass through a cell during a complete discharge-charge cycle (i.e. 2 ) multiplied by the total number of cycles that a battery can perform before depletion. This method, known as charge throughput, has the advantage of relying only on values that are most often given by the manufacturers (rated capacity and number of cycles). It has to be noted that the depth of discharge (DOD) of the cycles is implicitly taken into account in a linear fashion, as a cycle with lower DOD has also proportionally lower charge throughput. Assessment methods relying on physical models of the cells and of their degradation phenomena, such as the one proposed in [13] may provide more precise results, but requires the development and validation of complex models and the knowledge of a set of physical parameters usually not available to the end-user. The charge throughput, on the contrary, while being rather simple, neglects a series of factors, such as the influence of the C-rate on the cycling ageing or the calendar ageing. In the following, a method is presented to assess a weighted throughput that takes into account these factors, by using exclusively on data provided by the manufacturer and available on the cell datasheets.
The energy exchanged by a cell during its operation ℎ can be defined as in:
The ratio between ℎ and the energy exchanged during a complete cycle by the cell, i.e. 2
, defines the number of equivalent cycles that the cell has performed in the period Δ :
The denominator of Eq. (2) evolves with time, being the maximum energy that can be stored in the cell defined as:
Where is the rated energy capacity of the cell and is the nominal number of cycles that the cell can endure, also usually indicated on the cell data-sheet. In the case of the cells under analysis, it is = 20 000 cycles, this value being defined as the number of cycles at 4C after which the cell capacity falls below 80% of its initial value. Comparing with the maximum number of cycles for the cell , a time in years until the cell end of life (EOL) can be defined as:
B. Definition of the weights ( )
The cells used for the here proposed analysis are 30 Ah lithium-titanate batteries, whose expected cycling life-time is of 20 000 cycles. The weights are calculated from cycling data provided by the cell manufacturer on their cell data-sheet. Fig. 1 shows the evolution of the state of health (SOH) of the cell, defined as the cell capacity after a certain time of operation normalized with its initial one, with the number of cycles and with different current rates. Notably, the blue dots and line refer to a cycling performed at 4C, whereas the red ones refer to a 1.5C cycling.
The data points in Fig. 1 are the capacity measured values for different number of cycles. The lines, are obtained through linear interpolation of the measured data. Their slopes can be used to define the weights for the energy throughput calculation, and are shown in Table I . In fact, it can be seen that for a higher rate, a higher slope is present (in agreement with the fact that cycling at higher rate causes faster degradation of the cell).
The interpolated lines are defined as:
where is the number of cycles, = ( ) is the rate of decrease of the state of health, and is function of the at which the cycles are performed. In Fig. 1 , notably, the behaviors for the experimental data and the cycling trends of 1.5C and 4C are represented. The weights are finally obtained by normalizing the values of on the value at 4C, given that the maximum number of cycles for the examined cell is defined at this particular rate.
The above data allow to extract a trend line for the weights at current rates different from the ones at which the experiments have been performed by the manufacturer. Through linear interpolation it is obtained that:
In equation 6, the constant term is relative to a degradation process independent from the cycling rate whereas the effect of C-rate is found in the second term. This method allows to obtain a weighting factor for any cycling condition encountered in the operation of the BESS.
III. TARGETED CASE The method described above is used in this section on an setup described in section III-A. Section III-B applies the proposed method to assess how a load leveling strategy [14] [15] [16] implemented with this BESS affect the degradation of the cells. Section III-C, finally, shows how an additional constraint can be added to this strategy to limit ageing and set a lifetime duration objective for the BESS.
The load leveling used as a case study is operating in 24h periods and formulated as follows. The feeder forecasted load profile is defined the day ahead of operation through datadriven forecasting. The BESS power injection is then defined so that the overall feeder power profile is leveled. The MV feeder power profile is then dispatched through an intra-day operation of the BESS.
The control strategy for the BESS aims at reducing the deviation of the load profile of a MV feederˆfrom its mean power valueˆ, through the utilization of the BESS power . For the BESS it is therefore determined the profile of the power injections along a 24h period, with a resolution of 5 minutes. The load profile is built through the averaging of forecast scenarios composed by historical data and the problem is solved the day ahead of the operation.
Subject to:
The constraints for this problem, without taking into account for ageing limitations, bound the battery power , the power absorbed by the feeder = + and the battery state of energy [17] built as:
is the nominal capacity of the BESS. The energy throughput is here calculated on the BESS usage defined in the day-ahead problem and the constraint imposed on the BESS usage described in section III-C limits the loadleveling objective of the control strategy.
A. Case Study Setup
The methodology described in the previous section has been deployed with a lithium-titanate BESS of 280 kWh, connected to a 20 kV active distribution network characterized by a peak load of about 300 kW and embedding 100 kWp of PV generation [18] . The BESS performs the leveling of the feeder load. The battery power, current and state of charge are measured in real time by a tailored battery management system (BMS) with a sampling rate of one second. 
B. Ageing Assessment of the Unconstrained Load Leveling Strategy
In this section the weighted energy throughput method described and characterized above is used to assess the ageing resulting from the load leveling strategy. Several scenarios obtained from historical data of the power consumption of the targeted feeder are considered. Fig. 3 shows the power and stored energy profiles of the BESS during 24h from one of the scenarios taken into account. In the upper image we can see the behavior of the power of the MV feeder without and with the contribution of the BESS. In the middle figure we can see the daily profile of the BESS power and in the lower figure we can see the daily evolution its stored energy. The power profiles are discretized in 5 minute intervals. The exchanged energy of the BESS can be therefore calculated as the sum of battery power absolute values within 24h, weighted though the factors defined in section II-B. This energy can then be compared with the rated energy of a complete cycle to obtain an equivalent number of cycles per day and from this value an estimation of the battery duration before depletion, if in use with this specific control strategy. Table II collects the ageing data obtained for several days of load leveling operation, taken in various moment of the year and of the week.
It can be seen how, for this specific battery chemistry and this specific application, the values are very high, i.e. the ageing of the battery due to its cycling takes place in a very long period. These values are especially high when compared to the calendar lifetime of these devices, which, for this specific BESS is of 20 years. The BESS itself, in such a long time span can incur in ageing from many and various causes, such as calendar and mechanical ageing, defects of individual parts of the BESS or disruptive events. The above analysis, nevertheless, remains extremely important, as it assess the ageing that is directly linked to the battery operation and it assess therefore, if and how the control strategies developed for the BESS need to be aware of this process.
In Table III variances of the feeder consumption and of the total power absorption including the BESS contribution. These values measure the performance of the load leveling objective: it can be seen how ( ) is several times smaller of the variance of the consumption profile ( ). Table III reports as well the values obtained for the average daily exchanged energy ℎ , number of equivalent cycles and the expected EOL for the case analyzed. The expected cycling related battery lifetime for the proposed load leveling strategy is of about 40 years. This number being considerably higher of the calendar lifetime of the cells, i.e. 20 years, illustrates that for the specific application and cell chemistry the cycling ageing is not the main source of ageing, and therefore there is no need to limit the load leveling operation of the BESS with regard to this aspect, in order to be able to reach the expected calendar lifetime of 20 years.
C. Implementation of an additional constraint in the BESS control strategy
In order to take into account also for the degradation of the cells, the following additional constraint, which bounds the exchanged energy ℎ of the BESS, can be added to the control problem described by Eq. 7-10:
Where is a number of cycles per day chosen in relation to a desired end of life time in years. To quantify the usefulness of the additional constraint, we consider a cell chemistry having a cycling lifetime of 3500 cycles and a calendar one of 10 years, these values being typical for classical li-ion cell chemistries. We compare the simulation results obtained operating the battery disregarding the ageing limitation and considering it. Figure 4 reports the feeder consumption profiles, BESS power injection and BESS stored energy for a day of operation without the contribution of the BESS and in the two considered cases. By measuring the exchanged energy and average equivalent cycles per day, we see how with such cells, the expected EOL of the BESS is reached after 7 years. This case illustrates the importance to integrate the cycling ageing into the control strategy, as the EOL is reached before the calendar lifetime declared by the manufacturer. Table IV reports the relevant metrics for this case. We set then an additional constraint to the load leveling minimization algorithm, such that the battery EOL occurs after 10 years. We can see in Table V that by applying this constraint the performances with regard to load leveling are worsened, but the lifetime goal is reached. The ageing constraint is activated in the 55% of the days, whereas in the 45% of the case the BESS operation is not limited by the ageing constraint.
IV. CONCLUSIONS
A novel method to assess ageing of electrochemical cells utilized in stationary BESS is proposed. This method is then utilized to analyze a load leveling strategy for a 280 kWh lithium-titanate BESS connected on a medium voltage feeder and to develop and evaluate an ageing aware control. It is shown how, a cycling lifetime of 20000 cycles allows for a BESS cycling lifetime of over 40 years, thus constituting a suitable value for a grid level installation. Moreover, it is quantified the effect of adding a constraint related to the minimization of ageing phenomena on the fulfillment of the load leveling control objective for a li-ion BESS. For a BESS composed by cells capable of 3500 cycles, the BESS lifetime can be extended from 7 to about 10 years but accepting a limitation on the load leveling performance. In the proposed case study, the variance of the daily consumption profile of the MV feeder passes from 415 2 to 686 2 . The proposed method can be used to determine, for a given BESS application, the minimum number of cycles that the cells need to be able to sustain in order to achieve a desired lifetime. It can be moreover used to assess the necessary tradeoff between BESS lifetime and desired performance.
